Preparations of top (T), middle (M) and bottom (B) component particles were made by centrifuging purified raspberry ringspot virus in sucrose density gradients. Only B particles were infective alone, but infectivity was increased by adding excess M particles to B particles. RNA obtained from purified virus was fractionated by centrifuging in density gradients and by polyacrylamide gel electrophoresis. Preparations of the larger RNA species (RNA-I, tool. wt 2"4 × IO 6) were infective but those of the smaller species (RNA-2, tool. wt I "4 × lO6) were not; infectivity of RNA-I was greatly increased by addition of RNA-2. RNA-2 from M and B particles behaved similarly. The effect of RNA-2 was not mimicked by yeast RNA and was abolished by u.v. irradiation. The RNA-I and RNA-z of tobacco ringspot virus behaved like those of raspberry ringspot virus in infectivity tests, but no interaction was detected between RNA species from the two viruses. It is suggested that RNA-I and RNA-2 carry different pieces of genetic information.
INTRODUCTION
Purified preparations of raspberry ringspot virus, like those of several other nepoviruses (Harrison et al. 1971) , contain particles of three types, with sedimentation coefficients of 53, 93 and I3OS. These three components, called top (T), middle (M) and bottom (B) respectively, seem identical serologically and in protein composition, but differ in containing o, 30 or 44 % RNA. Particles of M contain a single RNA molecule of I-4 × I o 6 mol. wt (RNA-2) whereas those of B contain either RNA-e (probably two molecules per particle) or RNA-1 (mol. wt 2"4 x IO6; one molecule per particle) (Mayo, Murant & Harrison, 1971; Murant et al. I972 ) .
With several other multicomponent plant viruses, two or more of the components containing RNA play a role in virus replication. The genetic material of these viruses is distributed among two or more kinds of virus particle. However, the way in which functions are distributed among the different pieces of virus RNA differs from one group of viruses to another. For example, the longer RNA of tobacco rattle virus does not produce virus coat protein, but replicates and can induce lesions (Harrison & Nixon, I959; Lister, 1966; Frost, Harrison & Woods, I967) , whereas with cowpea mosaic virus both the longer and the shorter pieces of RNA are required for infection (Bruening & Agrawal, 1967; van Kammen, I968) .
Whether more than one virus or RNA component ofnepoviruses plays a role in replication is not clear from previous work. With tobacco ringspot virus, Diener & Schneider (I966) reported that infectivity was associated only with bottom component particles, and only with the larger (tool. wt 2.2 × IO 6) of the two predominant RNA species, but they did not test the effect of mixing virus or RNA components. However, with tomato top necrosis virus, a tentative member of the nepovirus group, Bancroft (I968) reported that middle and bottom components alone produced few lesions, and that mixtures of the two were very infective. Irt this paper we report experiments with raspberry ringspot virus which show that although infectivity sediments with B particles in sucrose density gradients (Murant et al. I972) , at least two species of virus RNA play a role in infection.
METHODS
Virus purification and the separation of particle types. The isolates of raspberry ringspot and tobacco ringspot viruses, and the methods of purification and of fractionation by two cycles of density gradient centrifugation, were those used by Murant et al. 0972) . To calculate particle concentrations, the mol. wt of top, middle and bottom component particles of raspberry ringspot virus were taken to be 3"3, 4"7 and 5"7 × lO6 (Murant etaL 1972 ) and the respective extinction coefficients (E~.) at 26o nm. to be I, 7 and Io.
Polyacrylamide gel electrophoresis ofRNA. RNA preparations, made by either the phenol or the pronase/SDS method were electrophoresed for 2"5 hr in 2.2 % acrylamide gels (Murant et al. 1972 ) . U.v.-absorbing bands were located using a UV Scanner (Joyce-Loebl, Gateshead on Tyne), and virus RNA was extracted from them by two methods. In the first method, sections (about 0-5 g.) of gel were suspended in 2 ml. o.oI M-tris, pH 7"6, containing 0"05 Msodium chloride and 0. 5 '70 naphthalene 1,5-disulphonate, sodium salt, and 2 ml. of a mixture of water-saturated phenol and m-cresol (9: I v/v)containing o.I % 8-hydroxyquinoline. After extruding this suspension from a syringe ten to twenty times, the RNA was recovered by centrifuging at IO,OOO g for IO min. and adding 2 vol. cold ethanol to the aqueous phase. After 18 to 24 hr at -15 °, the RNA precipitate was sedimented and resuspended in phosphate buffer for inoculation. In the second method (Lane & Kaesberg, 197I) , which was used in the later experiments, the gels were washed for 2 hr in o.oi M-sodium acetate+o.ooI Mmagnesium acetate, pH 5"5, and then scanned. Sections of gel containing virus RNA were homogenized, using a ground glass tissue grinder, in 2 ml. of this medium containing 0"5 % bentonite, centrifuged to remove polyacrylamide and bentonite, and diluted with buffer for inoculation. In most experiments, a total of Ioo to 2oo #g. RNA was loaded on to four gels, and fractionated; the resulting RNA solutions were made up to 6 to Io ml., and inoculated at this concentration and at a dilution of I/5.
Density gradient sedimentation of RNA. About 60 Fg. RNA in o'45 ml. was placed on each sucrose gradient, made 16 hr previously by layering lO, Io, IO and 5 ml. respectively of Io, 2o, 30 and 40 % sucrose (ribonuclease-free; Mann Research Laboratories, New York) in o-o6 M-phosphate buffer, pH 7-o. The tubes (I x 3"5 in.) were then centrifuged at 24,o00 rev./min, in a Beckman SW a7 rotor. After centrifuging, the gradients were fractionated from the top as described by Murant et al. (1972) .
Infectivity assay. Chenopodium amaranticolor Coste & Reyn. was used as a local lesion host for both raspberry ringspot and tobacco ringspot viruses, and was inoculated as described by Murant et al. (I972) . Unless otherwise stated, RNA was prepared in ice-cold o.o6 M-phosphate buffer, pH 8.o, which had been briefly boiled before use. Within experiments in which some inocula consisted of mixtures of RNA preparations, each preparation was used at a constant final concentration.
Ultraviolet irradiation. Samples (2 ml.) of virus preparations with E26o values between 2 and 5 were irradiated for 4 rain. in dishes of 5 cm. diameter, using a low-pressure mercury discharge lamp (Hanovia Ltd.). At 2o cm. from the lamp, the distance used, the radiation intensity was about 15oo #w/cm 2. More than 95 % of the radiation was at 254 nm.
RESULTS

Infectivity ofT, M and B particles of raspberry ringspot virus, and their mixtures
When the three components in purified virus preparations were separated by two cycles of sucrose density gradient centrifugation, preparations of T were non-infective, those of M slightly infective and preparations of B were very infective ( Table I ). The infectivity of M preparations was probably caused by contamination with B particles. The results in Table I also show that the infectivity of mixtures of M and B considerably exceeded the sum of the infectivities of the two components individually. The factor by which lesion number was increased by adding M to B seemed dependent on the concentration of M particles but the actual number of lesions depended on the concentration of B particles. These effects were produced when M particles greatly outnumbered B particles. The number of lesions produced by B or by mixtures of M and B was not increased by adding T; indeed it seemed to be slightly decreased (Table I) .
These results do not suggest that both M and B particles are needed for infection to occur, as happens with cowpea mosaic virus and other comoviruses (Bruening & Agrawal, i967; Wood & Bancroft, 1965) , because the infectivity of preparations of raspberry ringspot virus B particles seems too large to be explained by contamination with M. Indeed large excesses of M produced only moderate increases in lesion number when added to B particles. B particles alone therefore seem able to produce some lesions. * Calculated by assuming tool. wt of 3"3 x Io s (top), 4"7 x to 6 (middle) and 5"7 × Io ~ (bottom), and using Avogadro's number. Numbers refer to the final concentrations of particles in the mixtures. Depth, cm. Fig. i . E254 (above) and infectivity (number of lesions on four Chenopodium amarantieolor leaves; below) of raspberry ringspot virus RNA after centrifuging in a sucrose density gradient for I7"5 hr at 24,ooo rev./min.
Infectivity of RNA fractions from sucrose density gradients
The B particles of raspberry ringspot virus contain RNA of two main kinds, the smaller of which is indistinguishable in size from the RNA in M particles (Mnrant et al. I972). It therefore still seemed possible that RNA molecules of both sizes are needed for infection. This could explain the infectivity of B preparations, and also the increase in infectivity produced by adding M to them. When RNA extracted from a virus preparation by the pronase]SDS method was fractionated by sucrose density gradient centrifugation, the u.v.-absorbing material occurred in two major peaks (Fig. ~) . Infectivity was associated with the more rapidly sedimenting peak (peak 2) and was not distributed in the tubes in a way that suggested that RNA molecules of both predominant sizes were needed for infection. However, inoculum containing material from both peaks produced more lesions than that containing material from peak 2 alone. For example in one experiment, peak I material produced 2 lesions in six C. amaranticolor leaves whereas peak 2 material produced 472 lesions and the mixture of peak t and peak 2 produced 724. When peak z material was diluted fivefold, it produced 52 lesions, but in a mixture with peak I material, at the original concentration, it produced 235 lesions. The peaks obtained in these sucrose density gradients were broad and the resolution of the two main components was inferior to that obtained by polyacrylamide gel electrophoresis, so further tests were done using the latter technique. Fig. 2 shows the result of a typical fractionation on polyacrylamide gel of RNA from raspberry ringspot virus; the parts of the gel used as sources of RNA-I and RNA-2 are indicated by the shaded areas. The several methods used to extract the RNA species from gels all gave preparations of RNA-2 that were not infective or produced only very few lesions. By contrast, almost all preparations of RNA-I were infective, some producing as many as ioo lesions per C. amarantieolor leaf. Also, mixtures of RNA-I and RNA-z produced many more lesions than RNA-I alone; this result was obtained whether the RNA was prepared by the phenol method, the pronase/SDS method or pronase/SDS followed by phenol (Table 2 ). In these experiments the inocula usually contained 5 to ~o times as many RNA-2 molecules as RNA-I molecules, a smaller ratio than that used in the tests with M and B particles (Table I) . A test was made to see whether RNA-2 could be detected in symptomless C. arnaranticolor leaves inoculated with RNA-2 9 days previously. RNA extracted from the leaves by the phenol method did not increase lesion number when added to RNA-I inocula, in comparison with the number produced by RNA-I alone. Similarly when RNA was extracted from leaves inoculated with RNA-I, after removing the few lesions produced in these leaves, and added to RNA-2, the mixture was not infective. Thus there was no evidence that either RNA-I or RNA-2 replicated in C. amaranticolor leaves without inducing lesions.
Infectivity of RNA species extracted from polyacrylamide gels
To decrease the possibility of hydrogen-bonded aggregates of RNA occurring in preparations intended for electrophoresis, some preparations were heated for 15 min. at 6o ° in electrophoresis buffer containing 8 M-urea and o-2% SDS. This treatment, followed by electrophoresis either with or without urea, sharpened the RNA-I peak (Murant et al. 1972) : it somewhat decreased the infectivity of RNA-I and increased the factor by which RNA-2 enhanced the number of lesions produced by RNA-I (Table 2) . Heating in electrophoresis buffer containing I M-urea and o.2 % SDS seemed to have a smaller effect, and in all subsequent experiments the RNA was treated with 8 N-urea and electrophoresed in gels in the absence of urea. Thus some of the infectivity of RNA-I obtained from unheated preparations * RNA was extracted from purified virus using phenol (Expt I and 2), pronase/SDS (Expt 4) or pronase/ SDS followed by phenol (Expt 3, 5 and 6). may be attributable to contamination with RNA aggregates. It is not clear how the residual infectivity of RNA-I obtained from preparations heated in 8 M-urea is best explained, although Bancroft 0972) has emphasized the difficulty in obtaining RNA species free from mutual cross-contamination when separations are made using polyacrylamide gels. Indeed two lesions produced by such heated inocula of RNA-I yielded isolates of raspberry ringspot virus that, when purified, contained both RNA-I and RNA-z. Thus the RNAq preparations used to produce the source lesions did not lack the genetic information necessary for production of RNA-2.
Specificity of the interaction between RNA species
Another approach to studying the role of RNA-2 is to compare the specificity of interaction between RNA of different origins and RNA-I. To see whether the interaction is a general property of RNA, various concentrations of yeast RNA (highly polymerized, Grade A, Calbiochem) were added to unfractionated virus RNA. The results depended on the buffer used (Table 3) as a substrate for leaf ribonuclease, whereas at pH 8.0 leaf ribonuclease is inhibited and there is no competitive effect. In other experiments with inocula not containing yeast RNA, more lesions were produced at pH 8.o than at pH 5"5 irrespective of whether the buffer was acetate or phosphate. For unknown reasons, larger concentrations of yeast RNA in either acetate at pH 5"5 or phosphate at pH 8.o decreased lesion number. This decrease seems analogous to that produced by adding yeast nucleic acid to tobacco mosaic virus before inoculating the mixture to Nicotiana glutinosa or N. tabacum (Gicherman & Loebenstein, i968 ) . However, in an experiment in which all inocula contained yeast RNA at o'5 mg./ml, and acetate buffer at pH 5"5, RNA-z produced ~ lesion in six C.
amaranticolor leaves, RNA-I produced zo and the mixture produced 676. Thus we can conclude that yeast RNA cannot substitute for RNA-z in its interaction with RNA-I. In the remainder of the experiments described in this section, RNA was obtained by the pronase/SDS method and the inocula were prepared in pH 8-0 phosphate. Preparations of M particles and of B particles were obtained from purified raspberry ringspot virus by centrifuging twice on sucrose density gradients. RNA-2 derived from M particles and RNA-2 derived from B particles were about equally effective in increasing the number of lesions produced by RNA-I (Table 4) . A mixture of the two kinds of RNA-2 was no more effective than either alone. Thus there is no reason to suspect that the RNA-2 in M particles differs from that in B particles.
Tests with RNA from tobacco ringspot virus showed that, as with raspberry ringspot virus, RNA-2 greatly increased the infectivity of RNAq preparations. However, mixtures of RNA species from the two different viruses did not produce substantially more lesions than the unmixed preparations ( Table 5 ). The interaction between RNA species was thus confined to RNA molecules from the same virus.
Other experiments were made to see whether u.v. irradiation would abolish the ability of RNA-2 to increase the number of lesions produced by RNA-I. A purified preparation of raspberry ringspot virus was divided into two parts, and one u.v.-irradiated for 4 min., a treatment which decreased its infectivity to less than o-1% of that of the unirradiated part. RNA was then extracted from each part and fractionated by polyacrylamide gel electrophoresis. RNA-2 from the irradiated virus did not increase the number of lesions produced by RNA-I preparations, and inocula containing RNA-2 plus irradiated RNA-I were barely infective (Table 6) .
Taken together these experiments indicate that the effect of RNA-2 on lesion number is very specific and suggest that RNA-2 carries genetic information that is used during virus replication.
DISCUSSION
There are several possible explanations of the action of raspberry ringspot virus RNA-2. It may either activate or inactivate some host-cell system in a way that greatly increases the chance that RNA-1 molecules will cause lesions. Alternatively RNA-2 may include part of RNA-I and be able to complement and/or reactivate damaged molecules of RNA-I during infection. In either instance pure RNA-I might well be expected to be infective, and RNA-2 need not carry any unique genetic information. Another possibility is that raspberry ringspot virus has a split genome and that both RNA-I and RNA-2 carry unique genetic information. If this is true, the infectivity of RNA-I preparations might be caused by contamination with RNA-2, possibly occurring as dimers, which would resemble RNA-r in size. We think the results of the u.v. irradiation experiments fit the split genome hypothesis best; u.v.-irradiated RNA-2 was inactive, and unirradiated RNA-2 barely increased the infectivity of irradiated RNA-I, whereas a large increase would be expected if RNA-2 acts by supplying information that is lacking because RNA-I is damaged. However, to prove that the virus has a split genome it will be necessary to show that different cistrons occur on the two different pieces of RNA.
It seems worth considering to what extent work with other nepoviruses can also be interpreted on the basis of a split genome. With tobacco ringspot virus, Diener & Schneider (I966) found that infectivity sedimented with B particles, and with the larger of the two types of virus RNA, results which closely resemble ours with raspberry ringspot virus. Moreover in our experiments the effect on infectivity of mixing the RNA-I and RNA-2 of tobacco ringspot virus was the same as that found with raspberry ringspot virus. We therefore think Diener & Schneider's (I966) suggestion, that tobacco ringspot virus nucleic acid is synthesized in two pieces which later join to make an infective unit, is unlikely to be correct.
With two other putative nepoviruses, tomato top necrosis and cherry leaf roll, there is evidence that mixtures of the two types of nucleoprotein are considerably more infective than either separately (Bancroft, 1968; Jones & Mayo, 1972) . Indeed the increase in infectivity obtained by mixing the two types of particle is larger with these two viruses than with raspberry ringspot virus, although the nucleoproteins of raspberry ringspot virus are probably the easiest to separate by density gradient centrifugation. The explanation seems to be that whereas RNA-2 of raspberry ringspot virus is small enough for two molecules of it to occur in B particles (Murant et aL I972) , the smaller of the two RNA molecules of cherry leaf roll virus is not, and is therefore confined to the more slowly sedimenting of the two types of nucleoprotein particles (Jones & Mayo, I972 ) . A similar explanation seems probable for tomato top necrosis virus. A split genome may therefore prove to be characteristic of nepoviruses, although the actual sizes of the RNA pieces may differ among members of the group. There is a precedent for this in the tobravirus group. Thus tobacco rattle virus produces tubular particles of two predominant lengths, the larger being about I9O nm. long, and the shorter ranging in length from 45 to I Io nm. depending on the isolate (Harrison & Woods, I966 ) . The two lengths produced by each isolate represent a split genome (Lister, I966; Frost et al. I967) , and the actual lengths reflect the different sizes of the RNA molecules in the nucleoprotein particles (Cooper & Mayo, I972) . Hence the fact that the smaller RNA of cherry leaf roll virus is larger than that of tobacco ringspot and raspberry ringspot viruses need not exclude cherry leaf roll virus from the nepovirus group, with which it has close affinities (Jones & Mayo, ~972) .
Although the two RNA species from raspberry ringspot virus behaved like those from tobacco ringspot virus, no interaction was detected when one RNA species in the inoculum was obtained from raspberry ringspot virus and the other from tobacco ringspot virus. Thus with plant viruses there still seems no evidence that experimental infections can be established in which RNA species from serologically unrelated viruses each play an essential role. The fact that a hybrid virus can be made by mixing two species of RNA from brome mosaic virus with one from cowpea chlorotic mottle virus (Bancroft, 1972) seems not to be an exception to this generalization because there is evidence that these two viruses are serologically related (Scott & Slack, I97 0. The results presented in this and the accompanying paper (Murant et aL I972) 
